PENCEL Pressuremeter and Cone Penetrometer tests were performed at two sites chosen in Florida. One of the sites was predominately clays and the second was sands. The study goal was to reveal that pushed-in PENCEL tests would produce reliable engineering parameters. The PENCEL was pushed to the preferred test depth using the cone penetrometer equipment. Correlations were developed within the engineering parameters obtained from PENCEL pressuremeter data and between the PENCEL and cone penetrometer engineering parameters. All correlations matched published values. From the PENCEL data excellent correlations were created between the initial elastic modulus and limit pressures. Excellent correlations were also produced between the initial elastic modulus and the limit pressure as well as the initial elastic modulus and the elastic reload modulus. From the comparisons between pressuremeter and cone penetrometer data, promising correlations were developed between the pressuremeter initial elastic moduli and Cone Penetrometer tip resistances. Correlations were also developed between pressuremeter limit pressure and Cone Penetrometer tip resistances.
Introduction
Pencel pressuremeter (PPMT) is a small diameter pressuremeter initially developed for use in airport and highway design in North America in the 1970s and 80s, (Briaud and Shields 1979) . A variety of pressuremeter models are currently available, although they are typically based on two widths, the standard 3-inch diameter probes lowered into boreholes and the specialty 1.35-inch diameter PENCEL probes pushed when attached to cone rods (Briaud 1992) . The PPMT shown in Figure1. consists of a probe connected to the unit through the tubing and the pressure and volume gauges for recording data by hand (Roctest 2005) . Anderson and Townsend (1999) saw advantages in connecting the PPMT probe to Cone Penetrometer (CPT) rods and either pushing the cone with the PPMT attached or pushing the PPMT separately to perform PPMT tests. Finally, this device was further advanced by developing a standardized testing procedure as recommended (Cosentino et al. 2006) and incorporating digital technology with data acquisition software called APMT generating important time savings and improved accuracy as a fully reduced stress-strain curve produced during testing (Cosentino et al. 2006) . PPMT equipment has been successfully used throughout Florida in sands and clays (Anderson and Townsend 1999; Cosentino et al. 2006 ). 
Description of the apparatus
The control unit contains a piston cylinder assembly, volume counter, pressure gauge of 2500 kPa capacity, tubing connectors and control valves as seen in Figure 2 . Its function is to control and monitor the expansion of the probe by injecting a certain volume of water and reading the corresponding pressure from the pressure gauge. The maximum volume of the water that can be injected into the unit is 135 cm 3 . The unit is lightweight and easily transportable. The probe is an empty metal cylinder threaded at both ends, designed to accept and fasten the inner rubber membrane and the outer metallic sheath. The metallic sheath has longitudinal steel strips fixed to its outer surface and is in direct contact with the borehole walls when the probe is under pressure. The strips overlap such that when inflated, the increased surface area of the sheath remains protected. The diameter and the length of the probe used for this research were about 32 mm and 23.6 cm respectively. The tubing consists of a single line between the control unit and the probe to allow the water to be sent from the control unit to the probe. This tubing is fitted with shut-off quick connectors to keep the system saturated when detached.
APMT Description
The stand-alone data acquisition program, called APMT, was developed for this research (Cosentino et al. 2006) , in conjunction with incorporating digital pressure and volume equipment into the PENCEL control unit. This software uses the digital calibration data to continuously reduce the digital field data producing a stress-strain plot on the operators computer screen throughout testing as see in Figure 3 . This plot allows operators to follow standardized testing procedures. APMT also has built-in modules that yield the critical stress-deformation information i.e., p 0 , E 0 , E r and p L .
Results obtained using the APMT package were compared to hand and spreadsheet calculations. Once the output was verified this package was used to determine the four key engineering parameters obtained during PPMT testing (i.e., p 0 , E 0 , E r, p L ). 
Testing Operation
The steps that describe PPMT testing are as follows:
After connection of the tubing and probe, the entire unit is saturated to insure that no air is entrapped in the cylinder, filling lines or the probe. During the saturation period, the pressure gage is monitored to insure that the pressure stabilizes. If the pressure is not stabilized it signals a leak in the system, which must be fixed before proceeding.
Two required calibrations are conducted separately, the Volume Loss Calibration and the Pressure Calibration. The volume loss calibration yields the volume loss due to the expansion of the tubing, probe membrane and the pressure calibration produces the inherent membrane resistance.
In addition to lowering into a prebored hole, the probe is designed for positioning in place by pushing or light hammering. If a CPT drill rig is used, the probe is connected to hollow EW drill rods with an external diameter of 32 mm and internal diameter varying from 12.7 mm 16 mm. The rod is then pushed into the soil.
Once the probe has reached the desired depth, the valves on the top of the reading inject equal volumes increments. The increment of volume is 5 cm 3 and the corresponding pressure is usually noted after 30 seconds of having injected the specified volume. The maximum volume injected for a test is usually 90 cm 3 in order to avoid membrane failure. Generally the test duration is about 15 minutes. When the test is completed, prior to either removing the probe from the hole or advancing it to the next depth, the probe must be deflated, which is accomplished by returning the water to the cylinder.
Data Interpretation
Initially the raw PPMT data curve and the corrected PPMT curve are plotted as shown in Figure 4 . For each point on the raw curve there is a corresponding point on the corrected curve with coordinates of corrected pressure and corrected volume. Thus the corrected point is obtained by subtracting the volume and pressure correction from the corresponding raw volume and pressure data. In correcting the pressure, hydrostatic pressure exerted on the probe is also taken into consideration. Thus, the following calculations are performed on the data points;
Once the corrected curves are obtained, we determine the critical engineering parameters. Figure 5 shows four critical portions of the corrected curve that are used for estimating:
The lift-off pressure (p 0 ) from the repositioning phase, An initial elastic modulus (E 0 ) from the elastic phase, An elastic reload modulus (E r ) from the reload phase,
The limit pressure (p L ) from the plastic phase. Elastic Moduli (E) are determined using (1), (Baguelin et al. 1978 ):
Where:
The procedure used during PPMT testing was the recommended FDOT standard (Cosentino et al. 2006) .CPT tests were conducted in accordance with the American Society for Testing and Materials (ASTM) D 5778.
Geotechnical Testing Program
Two sites were chosen. The first site included two clay layers, was located in Cape Canaveral, Florida. and the second site on the Archer Landfill near Gainesville, Florida, used in previous FDOT research, consisted of uniform sand above the water table as documented (Scmertmann 1978).
Testing was conducted using the FDOT SMO Cone Penetrometer rig with FDOT field technicians. To categorize the soils, Standard Penetration (SPT), CPT and PPMT tests were performed. Universal Engineering Services of Melbourne performed SPT tests at both the FIT and Cape Canaveral sites (Cosentino et al. 2006) .
The stratigraphy at the Cape Canaveral Clay and Sand site, the soil consisted of four layers. The first layer, to 2.1 m was predominantly medium dense sand. The second layer, from 2 to 3 m, was soft sandy clay and the third layer from 3 to 10.5 m, was loose silty sand. The fourth from 10.5 to 16 m, was predominantly soft clay. This thick clay layer was the focus of the testing. The clay was underlain by medium dense sand to silty sand.
The sands at the Archer Landfill sand site displayed consistent properties which were divided into three layers. The first layer to 2.1 m consisted of loose silty sand. From 2.1 to 4.2 m, the second layer was medium dense silty sand. The third layer from 4.2 to 9.1 m was predominantly medium dense sand to silty sand.
Data Analysis and Discussion
The initial elastic modulus was compared to the limit pressures using the engineering parameters from 96 PPMT tests in the silty sands at Archer sites. These soils ranged from very loose to dense silty sands. Figure 6 shows an excellent correlation exists when modeled nonlinearly. A nonlinear relationship would be expected because the limit pressure cannot increase infinitely as stiffness increases. Briaud (Briaud 1992) presented linear correlations based on over 400 records, between the limit pressure and initial elastic modulus of p L = 0.125 E 0 for sands and p L = 0.071 E 0 for clays. He specifically states that the wide scatter in the data used to develop them, engineers a relative feel for the engineering parameters. When a linear regression through the origin was used to describe this data the equation becomes p L = 0.079 E 0 .
In conclusion, this nonlinear relationship shows that PPMT data are realistic and can be used by engineers. Data from sixty of the 96 tests was collected manually, while data from the remaining 36 tests was recorded digitally and reduced with the APMT software (Messaoud 2008) . Of those digitally recorded, 30 were from driven PPMT tests and the other ten were conducted in prebored holes, in which the prebored holes were constructed by driving an open ended pipe the same diameter as the Pencel probe. Using data from 36 tests performed in silty sands from Archer site, a nonlinear correlation was developed between the initial elastic modulus and the reload modulus as in Figure 7 . Twenty of the 36 tests were performed and recorded using the digital system. When only digital information was evaluated the regression equation became E r = 0.15E01.4864 and had a corresponding regression coefficient R 2 of 0.93. This improved correlation suggests that the digital instrumentation combined with the APMT software improves the PPMT data. Briaud (Briaud 1989 ) presents a linear correlation between these two parameters where E r = 8 E 0 in sands. If the data in Figure   E 6 is represented linearly a regression of E r = 16 E 0 results with an R 2 value of 0.76 and if only digital data is used the equation becomes E r = 21 E 0 results with an R 2 of 0.79. These linear results indicate that digital testing should be used to improve pressuremeter data.
To more analyze PPMT and CPT results, tables 1 to 3, present the correlated results from various references relating elastic modulus, E 0 , to limit pressure, p L , and relating point resistance q c , to elastic modulus, E 0 , and to limit pressure, p L . Table 2 shows the average ratio for E 0 /q c based on tests results was between 3 to 20 or 4.5 to 9 for clay or fine sand, respectively (Schmertmann 1978; Bergado and A.Khaleque 1986) . Table 3 shows the average ratio for q c /p L was about 1.5 to 6 (Messaoud 2008) . The ratios between the PPMT initial moduli and the CPT point resistances (q c ) were estimated along with ratios of the PPMT limit pressures and q c . The E 0 /q c ratios are commonly used for settlements of sands (Messaoud 2008 Again, for the first two depths the comparisons are not consistent; however, for the last three depths the values indicate that there is very little difference between the results from tests. Table 4 shows that the average ratio of E r /E 0 , based on tests results in clay, was approximately between 3.4 and 3.7. The E r /E 0 ratio was about 10 at 10.5 m, corresponding to fine sand (Briaud 1992) . These ratios compare well to published values of 1.5 to 5 in clay and 3 to 10 in sand (Briaud 1992) . Using the instrumented control unit along with the APMT software the initial elastic modulus and limit pressures from PPMT tests conducted at the Archer site were compared to CPT data from this site to develop correlations. These correlations were then compared to those developed (Schmertmann 1978; Messaoud 2008 ) and these comparisons were summarized in Table 5 . The consistent results indicate that the instrumentation and associated software produce very reliable engineering parameters. 
Concluding Remarks
Reliable correlations exist from the large number of pushed PPMT test data, indicating that this device can produce useful parameters for engineers to use in design and analysis.
The common values of initial modulus E 0 , limit pressure p L and the ratio of E r /E 0 , E 0 /p L , E 0 / q c , and p L /q c matched with published values in clays and can serve as indicators for soil identification (Briaud 1992) .
A reliable nonlinear correlation was developed between the PPMT initial elastic and the reload moduli in sands. This correlation improved when digital information along with the APMT software was used, indicating that the combination of digital instruments and this software will provide engineers with more reliable data than the analogue equipment alone.
PPMT data produces more engineering parameters (i.e., p 0 , E 0 , E r , p L ) than CPT data and Several correlations between PPMT data and CPT data were confirmed and shown to be very consistent.
The pushed-in PPMT test is much faster than conventional pressuremeter testing and is recommended for use in determining the soils stress-strain response and the associated engineering parameters.
There were no membrane failures during system compliance based on the 32 mm diameter aluminum calibration tube.
